DEFENCE WEFENSE

A New Remote-Sensing Method for
Mine Detection using HPM
Irradiation and IR Detection

S.M. Khanna, F. Paquet, R. Apps and J.S. Seregelyi

Defence Research Establishment Ottawa

DEFENCE RESEARCH ESTABLISHMENT OTTAWA

TECHNICAL REPORT
DREO TR 1999-132
December 1999 20000131 028

National  Défense 1+l
B¥D oo wiowe  pISTRIBUTION STATEMENT A Canadd
Approved for Public Release
Distribution Unlimited

[pTIC QUALITY DRGPEUTED B




DEFENCE W’D EFENSE

A New Remote-Sensing Method for
Mine Detection using HPM
Irradiation and IR Detection

S.M. Khanna and F. Paquet
Radiation Effects Group
Space Systems & Technology Section

R. Apps and J.S. Seregelyi
Microwave Analysis & Countermeasures Group
Electronic Countermeasures Section

DEFENCE RESEARCH ESTABLISHMENT OTTAWA

TECHNICAL REPORT
DREO TR 1999-132
December 1999

Project
5EC11



ABSTRACT

A remote-sensing method based on active high-power microwave (HPM) illumination
and detection in the infrared (IR) region is described for the detection of shallow buried
landmines. This method is based on different interactions of the incident HPM radiation with the
mine and the surrounding soil which occur due to a difference in their complex dielectric
constants. This leads to the development of a thermal signature of the mine at the soil surface
that can be detected in the infrared region. The thermal signature which is observed initially in
near real-time persists for several minutes following HPM illumination. It is primarily made up
of two components. The first component appears on the soil surface in near real-time due to the
interference of the incident HPM beam and the HPM beam reflected by the mine. A second
signature is due to the absorption of microwave energy by the mine. This signature appears at
the soil surface after a brief time-delay from the start of HPM illumination. At any instant, the
resultant thermal signature at the soil surface is the sum of the two time-dependent signatures. In
this report we provide both laboratory and field trial results obtained using this method to detect
metallic and non-metallic mine surrogates, dummy mines without explosives and live mines with
explosives but without any fuse.

RESUME

Une méthode de télédétection basée sur ’irradiation et la détection active de micro-onde
de grande puissance (HPM) dans la région infrarouge (IR) est décrite pour la détection des mines
enterrés sous la surface du sol. Cette méthode est basée sur les intéractions différentes du
rayonnement du HPM incident avec la mine contrairement a celles du sol environnant. Ceci se
produit en raison d'une différence dans la constante diélectrique complexe de la mine et du sol
avoisinant. Ce phénoméne méne au développement d'une signature thermique de la mine a la
surface du sol qui peut étre détectée dans la région infrarouge. La signature peut étre détectée en
temps quasi-réel aussi bien qu'aprés un bref delai suivant ’irradiation de HPM. La signature
thermique a la surface du sol se compose principalement de deux composants. Un des
composant est le résultat de I’interférence du faisceau HPM incident et de celui réfléchi. Cette
signature apparait 4 la surface du sol en temps quasi-réel. Une deuxi¢me signature est causé par
I’absorbtion par la mine de 1’énergie micro-onde. Cette signature apparait a la surface du sol
avec un certain delai par rapport a I'irradiation de HPM. A chaque instant, la signature
thermique résultante est la somme des deux signatures dépendantes du temps. Dans ce
document, nous présentons les résultats expérimentaux obtenus par le biais d’expériences de
laboratoire et d’essais en conditions réelles pour la détection de mines métalliques, non
métalliques, factices sans explosif et réelles avec explosif mais sans fusible.
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EXECUTIVE SUMMARY

It is estimated that there are over one hundred million anti-personnel mines that are
scattered in a number of countries throughout the world. It is important that these mines are
detected and destroyed. However, at present, there is no adequate mine detection method that
has an acceptably high detection rate and a low false alarm rate. In the present paper, a new
mine detection method is presented which is based on active illumination of the target with high
power microwave (HPM) radiation and detection of the resulting signatures in the infrared (IR)
wavelength region. Experimental results are presented from laboratory experiments and field
trials based on this method for the detection of metallic and non-metallic mine surrogates,
dummy mines and live mines without fuses. This method complements the passive infrared
remote-sensing method for mine detection. The main advantages of this method include the
simplicity of the underlying principle of target detection, remote-sensing operation, ability to
detect targets under cloudy conditions with little dependence on solar diurnal cycle and ability to
detect both metallic and non-metallic mines. Tts main drawback appears to be the use of high
power microwaves for its operation.

Khanna S.M., Paquet F., Apps R. and Seregelyi J.S., A new remote-sensing method for mine
detection using HPM irradiation and IR detection , Defence Research Establishment Ottawa,
DREO TR 1999-132, December 1999

SOMMAIRE

Tl est estimé que plus de cent millions de mines antipersonnelles sont éparpillées dans
plusieurs pays a travers le monde. I est important que ces mines soient détectées et détruites.
Cependant, il n'existe présentement aucune méthode de détection de mine adéquate ayant un
taux acceptable de détection et de fausse d'alarme. Dans ce document, on y présente une
nouvelle méthode de détection de mine qui est basée sur I’irradiation active de la cible avec le
rayonnement de la micro-onde de grande puissance (HPM) et la détection des signatures
résultantes dans la région de longueur d'onde infrarouge (IR). Basés sur cette méthode, les
résultats expérimentaux des expériences de laboratoire et des essais en conditions réelles pour la
détection des substituts métalliques et non métalliques de mines, des mines factices et des mines
réelles sans fusible sont présentés. Cette méthode compléte la méthode de télédétection de mine
a infrarouge passive. Les principaux avantages de cette méthode incluent la simplicité du
principe fondamental de la détection de cible, I’opération de télédétection, la capacité de détecter
des cibles sous un ciel couvert avec peu de dépendance du cycle solaire et la capacité de détecter
les mines métallique et non métallique a la fois. L’inconvénient majeur semble étre Iutilisation
de micro-onde a grande puissance pour son opération.

Khanna S.M., Paquet F., Apps R. and Seregelyi J.S., Une nouvelle methode de teledetection de
mines utilisant ’irradiation de micro-onde de grande puissance (HPM) et la detection infrarouge
(IR), Le Centre de Recherche pour la Defense Ottawa, CRDO TR 1999-132, December 1999
(en anglais)
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1. INTRODUCTION

There are over 110 million deployed and 100 million stockpiled anti-personnel mines in a
number of countries throughout the world'. The question of stopping further proliferation and
deployment of the mines has been gaining momentum. The recent international treaty to ban the
use of the mines by most of the countries of the world gives hope for the elimination of these
weapons. One can hope that new mines will not be deployed in the future and that the mines
which are buried in the ground will be detected and destroyed. Unfortunately, the present
technology for detection of the buried mines is not adequate’. The problems are further
aggravated since most anti-personnel mines have been deployed in poor countries and in rather
difficult and remote terrain. Non-government organizations (NGOs) supported by local
population and with limited resources are often responsible for mine detection and demining.
New improved methods are needed to successfully detect and destroy the buried mines through
out the world in a reasonable time-period at a manageable cost.

The most common method for mine detection at present is based on manual probing,
which is clearly very dangerous, slow and labour intensive. It can easily result in an accident
during the demining process. The other popular method is based on detection of the metal in the
buried mine. However, the metal content in current anti-personel mine is very small. Asa
result, it is very difficult to detect anti-personnel mines with small metal content through the
conventional electromagnetic method. Further, this method leads to a high false alarm rate.

A large number of high technology methods are being tested for mine detection. For
military and humanitarian applications of such methods, a successful mine detection method
must be inexpensive, easy to use, and should have a high detection rate. The new detection
method must have superior detection sensitivity, a high detection rate and a lower false alarm
rate than already available through existing methods. The method should also be forward-
lookmg to avoid the risk of straddling the mine during detection. These new methods, whlch are
at various stages of research and development, include: ground penetrating radar, passive® and
active infrared remote sensing, laser excitation, nuclear detection methods including thermal
neutron activation, nuclear magnetic resonance, chemical detection of trace elements including
the detection of vapours leaking from the mine, biological methods, acoustic methods, and high
speed hot water jets.

Amongst the various high technology methods currently under development, the
following methods are more developed and show promise for improved mine detection
capabilities. These include: conventional electromagnetic techniques, passive thermal infrared
remote-sensing, ground probe radar and thermal neutron activation. Individually, these methods
also suffer from one or all of the problems including poor detection rate, low detection accuracy
and high false alarms to varying degrees. However, a fusion of data from these sensors could
provide a system that may be acceptable for most applications. Amongst these methods, passive
IRi 1magmg method is particularly attractive due to the simplicity of the technique, remote-
sensing capability and relatively low cost as compared to other methods. This method has its
own problems. In this technique, the mine signature is strongly dependent on the diurnal
variations in solar illumination, the type of soil, soil moisture content, and temperature gradients
in the soil. The mine signature may be almost non-existent under cloudy conditions. Active
infrared methods have been proposed for mine detection. These methods typically require the




use of a scanning laser system. The reflection from the mines (on the ground surface) could
provide information on the location of the mines. Recently, Li et al.® have obtained results
which indicate the possibility of imaging surface and buried mines through the use of thermal
step function excitation using infrared heating lamps. Limited target signature, background
clutter and false alarms under various experimental conditions are the principal problems in these

methods.

Recently, the present authors suggested a novel method for the detection of near-surface
buried anti-personnel mines. This method is based on a new hybrid approach which uses a high
power active illumination at microwave frequencies and the detection of mine signature at the
soil surface in the thermal infrared wavelength region. This is a novel concept since the
illumination and detection wavelengths were quite different. This is quite unlike typical active
remote-sensing systems where these two wavelengths are generally in the same wavelength
region. It is hoped that detection in the thermal infrared region (IR) would provide improved
resolution than detection with a microwave imaging system. Further the IR detection sensors are
compact in comparison to microwave imaging systems. Later, it was discovered that other
groups are independently attempting similar mine detection techniques®. However, to the best of
our knowledge, the present work is the only one which clearly identifies two specific
components in the HPM illumination and IR detection process; the first being the near real-time
scattering, and the second the late-time thermal effects. These distinct processes are
superimposed to form 'the final observed result. No other researchers specifically identify, and
provide clear experimental evidence, of the physical mechanisms at work in this method.

In the present report, the proposed method for mine detection using high power
microwave illumination (HPM) and infrared (IR) detection will be discussed first. This section
will also include a discussion of the conventional passive infrared remote-sensing method for
mine detection. This will be followed with a description of the experimental methods used in
the present work. Laboratory results for mine detection using this method will be given for mine
surrogates made of various types of plastics and metallic mines buried in different type of soils.
Laboratory results for mines without explosives will then be presented. Finally, the results of
field trials with real mines with explosives but without fuses will be presented. Some of these
results were presented at a recent meeting on mine detection’. We believe these are the first
unambiguous, successful, laboratory and field results on surrogate and actual mines using the
HPMV/IR detection method. Also, for the first time, two separate contributions to the mine
thermal signatures are shown clearly in these results which support our qualitative explanation.
These contributions stress the processes responsible for the development of these signatures in

this technique.




2. THEORY
2.1 HPM/IR METHOD

In this Section, we will describe the principle of the HPM/IR method for mine detection
and point out the differences between this method and the passive infrared method for the
detection of the buried mines. The HPM/IR method is based on the fact that in general the
complex dielectric constant of a mine is different from that of the soil surrounding it. When a
mined area is radiated with high power microwaves, a fraction of the incident HPM radiation is
reflected back to the atmosphere and the balance is transmitted into the ground. The transmitted
component is attenuated within the ground at a rate which is dependent on the dielectric
properties of the soil. Further, when the transmitted component is incident on an interface, such
as a soil/buried mine interface, it is partly reflected back into the soil and the balance is
transmitted into the mine. The HPM components incident at and reflected from the soil/mine
interface interfere and produce an interference pattern in the soil above the mine which leads to
alternating hot and cold areas in that region. Further, a fraction of the HPM radiation transmitted
into the mine is absorbed by the mine. As a result, the mine will be warmer or colder than the
soil surrounding it dependent on the relative values of the complex dielectric constants. Both of
these phenomena, the microwave interference above the mine and the microwave absorption by
the mine, lead to a thermal signature of the mine on the soil surface which can be detected in the
thermal infrared region. The thermal signature of the mine at the soil surface due to the
reflection of microwaves at the soil/mine interface occurs in near real- time from the start of
HPM irradiation. The thermal signature at the soil surface, due to microwave absorption by the
mine followed with a thermal conduction process, occurs after a small time delay following
HPM irradiation. At any instant, the thermal signature of the mine at the soil surface is a sum of
these two components. The infrared detector detects only the resultant temperature contrast at
the soil surface above the mine.

When an electromagnetic wave travels from media 1 to media 2, a part of the incident
radiation is reflected and the balance is transmitted into media 2. For normal incidence, the
reflection coefficient Iy for parallel polarization electric field is given by

L2
£
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where £* is the complex permittivity and the subscript corresponds to the media. Further,
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&' is the relative dielectric constant and €” is the loss factor of the media. The loss tangent is
given by

£
tand = —-.
an = 3)

The electromagnetic wave traveling in a media is attenuated by a factor e2™ where x is
the distance traveled in the media. The attenuation factor o is given by

a:ﬂf—’ l+(8—”—)2—-1 @

where © is the angular frequency of the electromagnetic radiation and c is the velocity of light.
The microwave power available for heating a sample buried at a depth x in the ground decreases
exponentially with x and the attenuation factor o. The increase in the temperature of the sample
depends on the microwave energy absorbed by the sample and varies inversely with the sample
thermal heat capacity.

The soil heating rates with microwaves and the propagation of microwaves in the soil
have been studied by several workers.® Both the permittivity & and the loss factor &” depend
strongly on the moisture content of the soil and microwave frequency. It is difficult to
characterize the soil accurately. Instead, it is better to measure the dielectric properties of the
soil under consideration as a function of moisture content at the desired microwave frequency.

At 2.45 GHz, the loss factor, £”, of sand is quite low for dry sand and increases markedly with
soil moisture content. Figure 1 gives the real ¢’ and imaginary part g"of the dielectric constant of
sand at 2.45 GHz as a function of moisture content. The dielectric properties at microwave
frequencies of a variety of plastics and soils with different moisture contents have been given by

Von Hippel’.

The complex dielectric constant of the soil and the mine, including its plastic casing and
the explosives, are critical parameters that control the thermal signatures of the mine at the soil
surface. The thermal signatures developed in this method are continuously degraded by heat loss
from the mine and the soil surrounding it through conduction, radiation, and convection
mechanisms. Thus, the coupling of microwaves with the sample buried in the ground leadsto a
difference in the temperature of the target and the surrounding soil, both at the target level and
after a time delay at the soil surface. At the same time, cooling mechanisms (conduction,
radiation and convection) set in to counter the development of these temperature contrasts.
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Fig. 1. Dielectric properties of sand at 2.45 GHz as a function of moisture content.




Kashyap and Louie'°have analyzed the electromagnetic scattering by an object buried in
the soil using finite difference time domain (FDTD) method. They find that an interference
pattern is established in the soil region between the soil/air boundary and the soil/mine boundary
which leads to hot and cold regions in this area.

2.2 PASSIVE IR METHOD

There are fundamental differences in the mechanisms leading to a temperature contrast at
the soil surface above the mine in the case of the enhanced surface heating IR method and the
HPM/IR method. It is best to review the passive IR method to understand these differences.
Simard® has given a clear description of the processes involved in passive IR imaging of buried
mines. As described by Simard,’ these processes lead to different soil surface temperatures, T
and T;, above the mine and at a near-by soil surface reference site without a mine, respectively.
Assuming a one dimensional conduction process, these temperatures can be determined by
solving the differential heat equation for the three zones a, b and ¢ shown in Figure 2a.

)

Here T is the temperature, t is time, x is depth in the soil and Kr is thermal heat
diffusivity. It is assumed that the soil surface is illuminated uniformly and there is uniform heat
flow Q from the atmosphere into the ground surface above the mine and the surface surrounding
the mine. Simard® has discussed a simplified model for the above process. The soil column
above the mine and an equivalent soil column in a reference region with no mine have different
heat impedance Zy, and Z, respectively, as shown in Figure 2b. A uniform heat flow Q is
assumed from the atmosphere into these two adjacent regions. This would lead to different soil
surface temperatures Ty, and T; above the mine and in the reference (no mine) region. (Tm-T)
gives the target thermal signature which is observed by thermal imaging. Clearly (Tm-T;) is
proportional to Q and also to (Zm-Z:).

Thus, in the passive IR method, it is the difference in thermal conductivity of the mine
and the soil surrounding it at the mine level that leads to a temperature contrast at the soil surface
above the mine. Consider an initial state with a buried target at the same temperature as its
surrounding soil and no initial temperature contrast at the surface. The onset of uniform heat -
flow Q from the atmosphere to the ground leads to a temperature contrast between the mine and
soil surrounding it at the mine level due to different heat impedance Zr, and Z; as discussed
above. This temperature contrast at the mine level is also accompanied with the development of a
temperature contrast at the soil surface above the mine and the reference (no mine) region.
Enhanced surface heating through infrared radiation could increase this temperature contrast at
the soil surface and decrease the time required from the onset of heat flow Q, for the
development of a minimum detectable temperature difference at the soil surface.




Fig 2a: Schematic of a model® showing a buried mine in the ground.
a: Undisturbed soil; b: soil above mine; c: mine.

L.
T

Fig 2b: Schematic of a simplified model’ to explain passive infrared imaging
method using a constant heat flow and different heat impedances in the mine
and the reference (no mine) sites. To is the temperature deep inside the ground.



However, infrared radiation cannot penetrate the soil. As such, it cannot interact with the
mine directly to yield a temperature contrast at the mine level. Enhanced surface heating
interacts with the mine only indirectly through the thermal conduction process. In contrast,
microwaves penetrate a relatively long distance into the ground depending on the soil moisture
content and microwave frequency, and interact directly with a mine buried near the surface and
the soil surrounding it. The effect of this direct interaction can lead to a temperature contrast at
the soil surface in a shorter time period than in an active IR (enhanced surface heating) imaging

system.
3. EXPERIMENTAL METHOD AND RESULTS

A 5kW magnetron operating at 2.45 GHz was used as an HPM source. A waveguide
(WR 284) with a standard gain horn antenna (EMCO 3160-03) were used to obtain a large cross-
section beam. The targets were placed under the horn symmetric to its principal axis. The horn-
to-soil surface distance was adjustable. Most of the work was done with a horn-to-soil surface
distance of 56 cm, although data was also taken with distances ranging from 30 to 88 cm. The
microwave power output at the magnetron was varied from 1to 5 kW. The typical time of
microwave illumination ranged from 1 to 3 min. The microwave power density at the soil
surface was estimated to be 1 to 3 W/cm®. An 8-12 um infrared camera provided infrared
imagery of the soil surface covering the target.

Metallic and non-metallic surrogate mines consisting of discs (7.5 to 10.0 cm dia, 2.5 to
5 cm thick) of aluminum, delrin, low density polyethylene and phenolic plastic were used. In
addition, dummy mines and live mines with explosives but without fuses were also studied.
Three types of mines were used. These are PMA 1, PMA 2, and PMA 3 and are shown in Figure
3. The dimensions of these mines are: PMA 1: length 140 mm, width 70 mm, height 30 mm,
mass 400 g; PMA 2: dia 68 mm, height 61 mm, mass 135 g; PMA 3: dia 111mm, height 40 mm,
mass 180 g. All three mines are minimum metal AP mines. The PMA 1 s rectangular in shape
with a plastic body and a hinged top. The PMA 2 has a cylindrical plastic casing. The PMA 3 is
cylindrical in shape and is covered by a black rubber gasket.

Experimental work in the laboratory was done with sand as well as with soil containing
clay. In the case of the sand, the moisture content ranged from ~ 0 to 20 % by mass. Laboratory
experiments with surrogate mines and mines without explosives were also conducted with soil of
low clay content and at various moisture levels. The depth of the top surface of the targets
ranged from ~ 0.5 cm to ~ 5 cm, although most of the work was done with ~1 to 3 cm depth. In
all laboratory experiments, special effort was made to ensure that the target and soil surrounding
it were at the same temperature initially in an equilibrium state before microwave illumination.
In the early stages of this project, most of the work was done with non-metallic (and metallic)
mine surrogates inside an anechoic chamber. A 3 ft. tall plastic barrrel full of sand was placed
under the horn. The mine surrogates were placed symmetrically under the horn at desired depths
in the sand. Initially, it was not possible to take real-time IR imagery and about 60 seconds
elapsed between the cessation of microwave illumination and IR imaging. Automatic data
acquisition was not possible with the camera initially and only Polaroid pictures were taken.
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3.1 LABORATORY RESULTS

3.1.1 ANECHOIC CHAMBER RESULTS
We will first describe the results of the work done inside an anechoic chamber. This will

be followed with the results taken in the laboratory but outside the anechoic chamber. Initially,
to test the principle of this method, targets with different dielectric properties were placed at
various depths in dry sand and illuminated with HPM for 1-5 min. Polaroid pictures of the
targets were taken with an IR camera after the cessation of HPM irradiation. Figure 4 shows IR
pictures of three mine surrogates consisting of a square phenolic (bottom left, 10x10 cm, 2.5cm
thick, depth 1.1 cm), phenolic disc (bottom right, 3.8 cm dia, 5 cm thick, depth 0.9 cm) and
delrin disc (top right, 10 cm dia, 5 cm thick, 1.4 cm depth) buried in dry sand. The picture was
taken 13 min. after irradiating the sand with HPM at 5 kW for 3 min. These IR signatures on the
soil surface are due to the difference in microwave absorption by the mine surrogates and soil
surrounding them at the mine level. This results in temperature contrast between the mines and
the surrounding soil at the mine level as well as at the soil surface. The temperature contrast at

the soil surface is recorded by an IR camera.

The following results represent some of the best results which can only be explained in
terms of the interference of the incident and reflected microwave radiation in the region between
the mine and the soil/air interface. Thermal effects at the soil surface due to reflection of
microwaves from mine surrogates buried in moist sand with 14% moisture content are shown in
Fig. 5. A microwave power level of 5 kW was used for 1 min duration. In Fig. 5a, two identical
mine surrogates (delrin disc dia: 10 cm, thickness 2.5 cm) were buried at different depths (left
target : 1.6 cm, right target: 1.0 cm). The central region in these pictures is still hot due to the
heating of the soil by HPM. The two targets appear in Fig. 5a as a hot spot on the left side and a
cold spot on the right side against a general bright background. Although the two targets are of
the same material, the path difference at the soil surface between the incident and reflected
beams is different for these two targets due to the difference in their depths. This leads to a
constructive interference at the surface for the left target and a destructive interference for the

right target.

Further confirmation of this process was obtained by varying the depth of these targets
(Fig. 5b). The new depths are 0.9 cm and 1.5 cm for the left and right targets respectively. Note
that the left signature changed from a hot signature in Fig. 5a to a cold signature in Fig. 5b.
Similarly, the right signature changed from a cold signature to a hot signature in these pictures.
Additional confirmation of the reflected phenomenon is given by the results shown in Fig. 5c.
This figure depicts different thermal effects due to reflection of microwaves from two targets
made of different materials which are buried at the same depth (~ 0.6 cm). The left target is an
aluminum disc while the target at the right is a delrin disc. The aluminum target gives a hot
signature while the delrin target gives a cold signature. The opposite polarity of the signatures
from these two targets at the same depth is due to the phase reversal of the microwave field upon
reflection at a metallic surface.

Optimal IR interference patterns are obtained in a uniform media as was the case in
Figs.5a - 5c. In a non-uniform media, random scattering of the microwaves would tend to scatter
the reflected signal from the target and degrade the interference pattern. The size of the targets

10
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Figure 5: IR pictures of soil surface showing the effect of reflection of microwaves from two
mine surrogates buried at different depths in moist sand.
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as compared to the HPM wavelength is critical to obtain high resolution images of the targets
without much scattering from the target edges as can be seen in Fig. 4.

3.1.2 RESULTS FROM OUTSIDE THE ANECHOIC CHAMBER

In order to get more realistic results in the labaoratory and for real-time HPM/IR
imaging, a 2m x 2m x 0.6 m deep pit was filled with the same construction sand as was used in
the previous experiments (see Fig. 6). Only the moisture content of the sand immediately below
the horn was manipulated for the experiments. For the majority of work, an insulated wooden
structure was constructed around the pit to minimize variations in the environment above the soil
surface. Real-time IR imagery was acquired during and after HPM irradiation using an 8-12um
Agema Thermovision 880 IR camera. Digital image processing of the IR imagery was done to
obtain the target signatures.

Figure 7 depicts IR pictures of a moist sand surface (moisture content: 7.7% by weight)
covering 3 mine surrogates buried at different depths. The surrogates are delrin discs,10 cm dia.
and 2.5 cm thick. The depth of the targets was as follows: ( Right bottom: 0.5 cm, Left bottom:
0.8 cm, Top: 1.0 cm). The targets were heated by HPM at 5 kW for 1.5 min. The horn to sand
surface distance was 56 cm. IR pictures of moist sand surface were taken before, during and
after HPM irradiation. The top portion in these pictures has not received any significant HPM
radiation. In Figs. 7b to 7c, the intensity has been compensated for non-uniform microwave
illumination.

Figure 7a shows almost no IR signature of the mine surrogates at the soil surface before
HPM irradiation. Figure 7b shows the IR signatures at the surface due to reflections from the
mine surrogate as discussed previously. The three mine surrogates could be seen clearly,
although the pattern of reflection does not show the complete target. Figure 7c gives very clear
thermal signatures on the sand surface for the three mine surrogates. These signatures are due to
the difference in microwave absorption by the targets and the sand at the target level surrounding
the targets. This leads to a thermal contrast at the target level inside the ground and at the soil
surface above the mine. It should be noted that the targets in Fig. 7c, 7d appear colder than the
background in contrast to the results shown for dry sand (Fig. 4). These results would be
expected from a comparison of the loss factor of sand, moist sand, and these targets. Figure 7d
was taken 5.5 min after microwave radiation was turned off. It includes the effects due to non-
uniform heating of the sand surface resulting from the microwave beam pattern under the horn.
Although the targets are apparent in this figure, numerical compensation for the non-uniform
HPM irradiation will significantly improve target detection capability. The temperature at any
point or average temperature for any small region in this picture could be determined. A 3D plot
of intensity variation across Fig. 7d is given in Fig. 7e which also shows the presence of mine
surrogates clearly.

Extensive data was taken with other types of plastics targets and soils containing clay
with varying moisture content. Data was also taken in the laboratory with PMA 1, PMA 2 and
PMA 3 mines without explosives. PMA 1 was filled with paraffin to duplicate the microwave
properties of explosives. In almost all cases, the targets were detectable after HPM irradiation
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Figure 6: Experimental set-up for real-time HPM/IR imaging outside the anechoic chamber.
The height of the horn could be adjusted.
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through thermal signatures on the soil surface, either through the reflected signal from the mine,
or the differential absorption by the mine as compared to the soil surrounding it or both.

Fig.7a Fig.7b Fig.7c
Temperature range: 1.7C Temperature range: 5.4C Temperature range: 3.9C

Fig.7d

Temperature range: 7.7C
Fig. 7¢

Figure 7: IR pictures of the sand surface over mine surrogates buried in moist sand at different
depths. The temperature range of the data are shown in each picture. a: Before HPM irradiation,
b: 2 min. after irradiation; c: 5.5 min after HPM irradiation; d: 5.5 min after irradiation but
without any compensation for non-uniform HPM illumination; e: A 3D representation of Fig. 7d
showing IR intensity across the image. HPM spot intensity has been removed from Figs. 7b and
7c. Fig. 7c and 7d are the same except that the spot has been removed in Fig.7c
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3.2 FIELD TRIAL RESULTS

Results of field trials conducted at the Defence Research Establishment Suffield (DRES),
Canada in April 1997 are described next. PMA 1, PMA 2 and PMA 3 mines with explosives but
without fuses were used. The experimental arrangement is shown in Fig. 8. Using a trailer, a
horn could be moved directly over the mines buried in the ground. The magnetron and IR
camera used for this work at DREO were also used in these trials. Real-time IR imagery was
collected before, during and after microwave irradiation.

The mines were buried in the ground four days prior to these experiments by personnel
experienced in this work. There was no rain during this period. The climate was sunny, cold,
windy and dry with an air temperature of 6C. The PMA 1 and PMA 2 were buried in the ground
from which turf was already removed. The size of loose disturbed soil without turf, covering
each of these mines, was 22 x 22 cm (see Fig. 9a). In addition, the PMA 2 and PMA 3 were
buried in soil covered with turf. A 12 x 12 cm turf patch covered these mines (see Fig. 9b). The
turf had dried out over the winter season. The difference in the size of the soil patches that
covered the mines shown in Fig.9 is to be noted.

Figure 10 is an IR picture of the loose soil surface, without any grass, covering the
PMA 1 containing explosives, but without a fuse, buried at a depth of 1.5 cm. The loose soil
patch is not distinguishable in the IR image before microwave irradiation (Fig.10a). Fig.10b
depicts the thermal effect on the soil surface due to reflection from the mine. This figure shows
that the mine is not clearly distinguishable. However, enhanced thermal features on the surface,
especially dark and bright bands over the mine region could be noted. In a similar experiment in
the laboratory but with 6% moisture content, dark and bright bands or patches were seen over the
mine region due to reflections from the mine. Fig. 10 c, taken 20 min after irradiation, depicts
the thermal signature at the soil surface due to a difference in microwave absorption by the mine
and the surrounding soil. PMA 1 is clearly distinguishable from the background in Fig. 10 c.
Note that the loose soil covering the mine is not visible in IR before HPM irradiation (Fig. 10a),
but can be more easily demarcated after HPM irradiation (Fig. 10 b). The square shape of this

loose soil patch can also be identified

Similar results are shown for PMA 3 in Fig. 11. The mine is buried in a smaller patch of
turf, 12 x12 cm in size. Enhanced thermal structure, which may serve as a mine signature, can
be seen over the mine location in Fig. 11b. In addition, it is also clear on comparing Figs. 11a
and 11b, that it is much easier to pinpoint the disturbed turf area used to bury the mine with this
method than through passive IR imaging. The square shape of this cut turf piece can be
identified. Compare the larger size of the disturbed area in Figs. 10b to that in 11b. For the
PMA 3, a thermal signature, due to absorption of microwaves by the mine, is not seen. The
effects due to reflection appear to mask the effects due to absorption. In contrast, the thermal
signals due to both the reflection and absorption by PMA 1, PMA 2 and PMA 3 were seen with
mine depths ranging from 1 to 2 cm with a soil moisture content of ~3- 6%.
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Figure 8: Experimental arrangement used in field trials at DRES for the detection of real mines
using the HPM/IR method.
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Fig.9a Fig.9b

Figure 9: Standard photographs showing PMA 1 and PMA 3 buried in soil without turf
(Fig. 9a) and soil with turf (Fig. 9b). The soil above the mines had been removed to take this

photograph
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Fig.10a

Fig.10c

Figure 10: IR pictures of loose soil covering PMA 1 containing explosives. a: Before
HPM irradiation; b: 3 min from start of HPM irradiation; c: 20 min after HPM irradiation.
Soil moisture content: 1.33%; Depth of mine: 1.5 cm.; Microwave power level: 5 kW;
Time of irradiation: 5 min. The mine is visible due to microwave absorption by the mine
as shown in Fig. 10 c¢. Results due to reflection of microwaves by the mine are ambiguous
(Fig. 10 b). Enhanced thermal features in this picture could be related to the mine.
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Figure 11: IR picture of soil turf covering PMA 3 (with explosives). a: Before HPM
irradiation; b: 2.5min from start of HPM irradiation; c: 14 min after HPM irradiation. Soil
moisture content: 2.8%; Depth of mine: 2.5 cm.; Microwave power level: 5 kW; Time of
irradiation: 5 min
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4. CONCLUSIONS

Our results using 2.45 GHz HPM irradiation and IR detection in the thermal infrared
region confirm that the HPM/IR method can provide a powerful remote-sensing technique for
detecting mines buried near the soil surface. The mine signatures arise due to both reflection and
absorption by the mine and appear as thermal signatures at the soil surface above the mine. This
method is complementary to passive IR mine detection techniques and can detect mines under
cloudy and wet conditions. This method can also be used as a pre-confirmatory method for
precise localization of a mine from a stand-off distance

There are several factors which play important roles in controlling the signal-to-noise
ratio for the thermal signature of the buried mine. The frequency of microwave irradiation, soil
moisture content, dielectric constants of the mine and its constituents, soil type, soil surface
features, size and shape complexity of the mine are amongst the important factors which will
determine the temperature contrast of the mine signature at the soil surface. On the other hand,
the fundamental nature, simplicity and remote-sensing capability are very attractive features of
this method. Further work is needed to determine the impact of these parameters in a practical
HPM/IR mine detection system.
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